Phage types representative of the population of indigenous Rhizobium mezilotiat each of two sites were evaluated for plasmid content by agarose gel electrophoresis and for symbiotic effectiveness with Medicago sativa cv. Saranac. Relative to four strains used commercially, 55 and 65 phage types representing these populations showed a high average level of symbiotic effectiveness; only a single type from one site was relatively ineffective in symbiosis. On the basis of plasmid number and molecular mass, 160 isolates comprising 45 and 48 types from both sites were placed in 22 different groups with 17 and 13 groups from the respective sites. The number of plasmids varied between one and five per isolate with molecular masses ranging from 5 MDa to considerably greater than 267 MDa. Only five isolates lacked a plasmid with mobility in agarose gels corresponding to that of a reference megaplasmid but instead showed a band of lesser mobility and therefore greater molecular mass. Phage types, which were divided into plasmid groups solely on the basis of differences between isolates from each site, may reflect adaptation of R. meIiIoti to their respective sites. Differences between isolates within certain phage types due to the presence or absence of a single plasmid May have resulted from genetic interchange between indigenous R. meliloti. There was no significant correlation between plasmid number or mass and symbiotic effectiveness or phage sensitivity of the phage types from either site.
INTRODUCTION
Legumes sown in nitrogen-deficient soils are often inoculated with symbiotically effective rhizobia with the aim of maximizing crop yield. However, the inoculant strains frequently occupy only a minority of nodules of the host legume grown in soils harbouring indigenous populations of rhizobia (Johnson et al., 1965; Roughley et al., 1976; Bromfield et al., 1986) . In these circumstances the amount of nitrogen fixed is largely dependent on the symbiotic effectiveness of the resident Rhizobium population. Therefore, information on the nature of these populations is of considerable practical significance.
The extrachromosomal DNA of most fast-growing Rhizobium spp. is known to play an important role in the symbiotic process (Rolfe & Shine, 1984) . A characteristic feature of Rhizobium meliloti is the presence of plasmid DNA in amounts considered equivalent to that of the chromosome of Escherichia coli (Prakash & Atherly, 1986) . This is principally due to the presence of megaplasmids, estimated to have molecular masses of about lo00 MDa (Burkhardt & Burkhardt, 1984) , in which genes affecting symbiotic functions are located (Banfalvi et al., 1981 ; Rosenberg et af., 1981) . Apart from these very large plasmids, R. meliloti may harbour additional plasmids (cryptic) whose functions are largely unknown (Dknarik et al., 198l) , although one report indicated that a cryptic plasmid may influence nodulating competitiveness (Bromfield et al., 1985) .
A number of surveys have considered the symbiotic effectiveness (Gibson et al., 1975; Hagedorn, 1978; Bottomley & Jenkins, 1983) and plasmid content (Gross et al., 1979; Thurman et al., 1985) of various indigenous Rhizobium spp., but there is a paucity of information on these characteristics for native R. meliloti. While such surveys have used collections of isolates from diverse geographical regions, it is nevertheless important to obtain data for isolates representative of the overall diversity within a particular resident population (Young et al., 1987) . This can only be achieved by the analysis of large numbers of nodule isolates from relatively small and well-defined areas. In a previous study (Bromfield et al., 1986) , about 2000 isolates of indigenous R. meliloti from cultivars of Medicugo satiua grown in an area (8 x 14.5 m) at each of two sites (A and B) 2 km apart were characterized on the basis of sensitivity to 16 typing phages. These isolates were subdivided into 55 (site A) and 65 (site B) distinct phage types representative of the R. meliloti populations at the two sites. The purpose of the present investigation was to examine the distribution of symbiotic effectiveness and plasmid number and size among these phage types of R. meliloti.
METHODS

Bacteria andplasmids.
A total of 193 isolates of R. melilori, selected to represent the 55 and 65 (88 distinct) phage types described previously (Bromfield et ol., 1986 ) from sites A and B respectively, were used in this study. Thirtytwo of these phage types were common to both sites. R. meliloti NRG185 and NRG43 from W. Rice, Research Station, Beaverlodge, Canada, BALSAC from L. M. Bordeleau, Research Station, Ste Foy, Quebec, Canada, and SU47, synonymous with RCR2011 (Bromfield, 1984) , were standard strains for symbiotic effectiveness tests; all have been used in commercial inoculants for M. satiua. Plasmids in the following bacteria were used as standards for estimating molecular masses of R. melilori plasmids. Agrobacterium turnefaciens PD67 was a synthetic strain from V. N . Iyer, Carleton University, Ottawa, Canada, constructed by insertion of pTiA6 (Knauf & Nester, 1982) and pPHlJl (Hirsch & Beringer, 1984) , with molecular masses of 177 and 35 MDa respectively, into A. rumejuciens C58 (Casse et al., 1979) containing plasmids of 267 and 117 MDa. Escherichia coli HBlOl (Corbin et al., 1983) contained either pRK290 (Ditta et al., 1980) , molecular mass 13.1 MDa, or pBR322 (Bolivar et a[., 1977) , molecular mass 2.9 MDa.
Ejectioeness rests. Symbiotic effectiveness (nodulation and nitrogen fixation) was assessed using an isolate to represent each of the 55 and 65 phage types of R . melzloti from sites A and B respectively. Due to the large numbers involved, site A and site B phage types were tested in separate experiments; no attempt was made to compare phage types between sites. Seedlings of M . sativa cv. Saranac, from surface-sterilized seed (Vincent, 1970) were planted in 200 x 30 mm glass tubes (two seedlings per tube) containing vermiculite, each supplied with 40 ml sterile N-free nutrient solution (Norris & Date, 1976) . Two days after sowing, seedlings were inoculated with 0.2 ml cell suspension (about lo8 cells ml-*) of each phage type or standard strain washed from YEM agar slopes (Bromfield, 1984) in sterile water. Uninoculated controls, with and without 5 mM-KNO, (final concentration) supplied 12 d after sowing, were included. Five replicate tubes of each inoculation treatment, randomized in blocks, were maintained in a controlled environment cabinet at 250 pE m-2 s-l (22 "C, 16 h day; 16 "C, 8 h night) for 6 weeks, after which shoot dry weights and nodule numbers were determined; nodule nitrogenase activity was measured by acetylene reduction. Variation in symbiotic effectiveness between isolates within phage types was evaluated using an identical experimental protocol except that six replicates (two plants per tube) of each inoculation treatment were used.
Plasmid profiles. One hundred and sixty isolates comprising 45 and 48 (68 different) R. meliloti phage types from sites A and B respectively were analysed for plasmid content using agarose gel electrophoresis according to the method of Hynes et al. (l986), but modified in that 0.45 % agarose was used and electrophoresis was carried out at 30 V for 30 min and then at I 0 0 V for 4 h. Estimates of the molecular size of R. meliloti plasmids relative to molecular mass markers were obtained by linear regression of log,, molecular mass (MDa) on log,, mobility using standard plasmids of 267, 177, I 17 and 35 MDa from A. tumefaciens PD67 and those of 13.1 and 2.9 MDa in E. coli HBlO1. The megaplasmid of R. meliluri SU47 was used as a standard to detect the presence of plasmids of equivalent mobility. Each R. meliloti isolate was tested in three separate gels; correlation coefficients from regression analyses were not less than 0.98.
Treatment ojdata. Since the mass of plasmids exceeding 267 MDa could not be reliably estimated, each was assigned to one of three classes based on its mobility in agarose gels relative to the megaplasmid of R. meliloti SU47. The first class consisted of plasmid bands of lesser mobility, the second comprised plasmids of equivalent mobility and the third included plasmids of greater mobility. To facilitate grouping of R. meliloti isolates according to plasmid number and masses, unweighted average-linkage clustering (Sneath & Sokal, 1973) was performed using the GENSTAT package, version 4.04A (Lawes Agricultural Trust, Rothamsted Experimental Station, Harpenden, UK). A similarity matrix was calculated using the Gower coefficient (SG; Gower, 1971) for plasmids of mass 267 MDa or less (means of three measurements) and the Jaccard coefficient (SJ; Sneath, 1957) for plasmids exceeding 267 MDa, each of which was scored as either 1 (present) or 0 (absent) in one of the three classes described above. The highest level of similarity at which the three replicates of each isolate grouped together (94%) was selected for categorization. Data for shoot dry weight, nodule number and nitrogenase activity were subjected to analyses of variance. Table 1 shows summarized data for mean effectiveness values of the 55 and 65 representative phage types of R. meliloti from sites A and B, respectively. All 55 phage types except for type 23 (isolate no. 323) from site A were symbiotically effective since they elicited shoot dry matter that did not differ significantly from the nitrate control and two or more of the standard strains. Nodule numbers per plant did not differ significantly between these phage types and standard strains except for types 13 and 23, which elicited the most nodules. Data for nitrogenase activity revealed differences between site A phage types and standard strains similar to those for shoot dry matter production. With respect to shoot dry matter, all 65 phage types from site B were effective, differing (P < 0.01) from the uninoculated control but not significantly from any of the standard strains or plants supplied with combined nitrogen. The majority of site B types were similar in terms of nodules elicited per plant and there were no significant differences between any of the phage types or standard strains with respect to nitrogenase activity.
RESULTS
Based on individual phage type means, the distributions of shoot dry weights (percentage of the values obtained with the four standard strains) of plants inoculated with the 55 (site A) and 65 (site B) types are,shown in Table 2 . The distributions representing types from each site approximated to normality but tended towards a high level of effectiveness relative to the standard strains (loo%), with means of 86.2% & 1.45% (site A) and 95.4% & 1.47% (site B). Since phage type 23 was common to both sites and the site A isolate (no. 323) was symbiotically ineffective while the site B isolate (no. 1731) was effective relative to the standard strains, we examined the variation in symbiotic properties of a total of six different isolates of this phage type from both sites ( Table 3 ). The data confirm that isolates within type 23 varied in effectiveness. Plants inoculated with three of four isolates (58, 114, 323) from site A differed (P < 0.01) from those inoculated with the remaining isolate (1076) from this site and from those inoculated with both isolates (1578, 1731) from site B, with respect to shoot dry matter, nodule number and nitrogenase activity. A further five isolates from each of five frequently occurring phage types from sites A and B respectively were examined for variation in effectiveness. For each of 9 of the 10 phage types there were no significant differences between isolates for the three symbiotic parameters evaluated (data not shown). The exception involved plants inoculated with two of five isolates from type 38, which differed (P < 0.01) in terms of nodule numbers and nitrogenase activity.
Summarized data for the plasmid profiles of the 160 R . meliloti isolates comprising 45 and 48 (68 different) phage types from sites A and B respectively and for their grouping on the basis of plasmid number and mass are shown in Table 4 . These isolates contained between one and five plasmids with molecular masses varying between 5 and >> 267 MDa. Thirty-five isolates (22% of the total) from 18 phage types possessed plasmids of molecular mass less than 50 MDa whereas 17 isolates (from eight phage types), all originating from site A, possessed plasmids (excluding those corresponding to the reference megaplasmid of SU47) with molecular masses greater than 267 MDa. At the 94% level of similarity the 68 distinct phage types from both sites were placed into 22 different plasmid groups, with 17 and 13 groups representing site A and B phage types, respectively. Based on chi-squared analysis, the distribution of phage types among plasmid groups differed between sites (x2 = 61.06, P < 0.001). More than 50% of the total isolates from both sites (43 phage types) were placed in two plasmid groups (1 and 4) consisting respectively of isolates with only a megaplasmid and those with a megaplasmid plus a plasmid with an average molecular mass of 155 MDa.
Thirty of the phage types tested were represented by more than one isolate, and of these, each of 11 types were homogeneous with respect to plasmid profiles and were placed in single plasmid (1 groups whereas 17 of the remaining types were subdivided into two (14 phage types) or three (three phage types) plasmid groups. The exceptions, types 23 and 38, each represented by six isolates, were subdivided into four and five plasmid groups, respectively (Figs 1 and 2); type 38 was resistant to all 16 typing phages (Bromfield et al., 1986) and isolates of type 23 varied in effectiveness (Table 3) . From 22 phage types (excluding types 23 and 38) re'presented by isolates from both sites, 11 types were subdivided into plasmid groups on the basis of differences between isolates from sites A and B; an example of such a difference is illustrated by isolates of type 49 (Fig. 1) . However, data for all isolates examined (68 different types) indicated no apparent overall relationship between plasmid grouping and the site from which they originated. Certain phage types from both sites comprised isolates differing only in the presence or absence of a single plasmid of mass less that 267 MDa, an example of which is illustrated by isolates of phage type 32 from site B (Fig. 2) . Seven isolates of type 33 were divided into plasmid groups (6 and 21) with isolates in group 21 being unusual in that they lacked a plasmid of mobility comparable with that of the SU47 megaplasmid but instead possessed a band of mobility corresponding to that of the chromosomal band of A. tumefaciens PD67; phage type 3 was divided into plasmid groups 4 (five isolates) and 20 (one isolate) on a similar basis (Fig. 3 ).
Plasmids and eflectiueness of R. meliloti 3463 The symbiotically ineffective isolate (no, 323) of type 23 (plasmid group 22) was also unusual in that it possessed a band of mobility similar to that of the SU47 megaplasmid as well as a band of lesser mobility (Fig. 2) . Since the six and seven isolates of types 3 and 33 were unusual with respect to plasmid profiles, we examined their symbiotic effectiveness (shoot dry weight, nodule number and nitrogenase activity). All isolates were effective and did not significantly differ from standard strain SU47 for any of the three measurements (data not shown). Table 5 shows distributions of plasmid numbers among the 45 and 48 phage types from sites A and B. Both distributions were similar in form and show that phage types with one, two or three plasmids were the most abundant. Minor deviations between distributions expressed as percentage phage types and those expressed as percentage isolates are ascribed to variation in plasmid numbers between isolates within certain phage types.
Neither plasmid number nor total plasmid mass (excluding those exceeding 267 MDa) of phage types from sites A or B was significantly correlated with symbiotic effectiveness based on percentage shoot dry matter of the four standard strains, or with phage sensitivity, derived from a previous report (Bromfield et al., 1986) , and expressed as the number of typing phages (from 16) producing lysis.
DISCUSSION
Representative phage types from the two populations of R. meliloti showed a high overall level of symbiotic effectiveness relative to four strains used commercially. In a previous study, one of these standard strains (SU47) was used to inoculate M . sativa at sites A and B but was recovered from a minority of nodules and did not significantly influence dry matter yield relative to plants in uninoculated plots (Bromfield et al., 1986) . The present data for symbiotic effectiveness suggest that even if the standard strains were to successfully occupy all nodules of the legume host at these sites, there would be little benefit in terms of enhanced N2 fixation accruing from inoculation. Sherwood & Masterson (1974) and Mytton & Livesey (1983) reported that the choice of test host genotype can affect estimates of effectiveness of R. leguminosarum biovar trifolii populations. It is also known that the expression of R. meliloti effectiveness can be influenced by M . sativa genotype (Gibson, 1962; Mytton et al., 1984) . The choice of M. sativa cv. Saranac as test host in the present investigation was made on the basis that this genotype was one of two previously used for isolation of R. meliloti at sites A and B (Bromfield et al., 1986) and wherever possible isolates from this cultivar were used in effectiveness tests. Thurman et al. (1985) reported that effectiveness and plasmid number were correlated for a collection of indigenous R. leguminosarum biovar trifolii and implicated an effect of cryptic plasmids in the symbiotic process. In contrast, our results for R. meliloti indicate a lack of correlation between either plasmid number or mass and symbiotic effectiveness, possibly reflecting species differences.
The relatively small proportion of representative phage types from each site which possessed more than three plasmids might reflect the impact of biotic and environmental selection pressures against higher plasmid numbers. It is of interest that Thurman et al. (1985) reported a similar finding for isolates of R. leguminosarum biovar trqolii.
Plasmids of mass less than 50 MDa have been reported to occur very rarely in rhizobia (Prakash & Atherly, 1986 (1979) reported that the plasmid profiles of indigenous Bradyrhizobium japonicum strains were not correlated with antibiotic sensitivity, colony morphology, serotype, or symbiotic effectiveness, and were more discriminating than these four characteristics for strain distinction. In our study 68 distinct phage types were placed in 22 plasmid groups, indicating that plasmid profile analysis was less discriminating than phage typing for delineating the composition of indigenous R. meliloti populations. The lack of correlation between phage sensitivity and plasmid content and the disparity between the grouping based on each of these criteria might be explained if it is assumed that determinants for phage sensitivity are encoded on the R. meliloti megaplasmids, chromosome, or both. In this case, the phage type need not necessarily reflect the plasmid content of constituent isolates, at least for those containing plasmids other than the megaplasmids. Evidence lending support to this suggestion includes a role of Rhizobium cell surface polysaccharides in phage adsorption (Zajac & Lorkiewicz, 1983; Finan et al., 1985) and the location of genes for exopolysaccharide synthesis on the R. melibti non-Sym (non-symbiotic) megaplasmid (Finan et al., 1986; Hynes et al., 1986) , and chromosome (Dylan et al., 1986) .
It is of interest that the two phage types (23 and 38) which were the most variable with respect to plasmid profiles were the only types from those tested in which isolates showed differences in symbiotic effectiveness; type 38 was expected a priori to constitute a potentially heterogeneous group since isolates of this type are resistant to lysis by 16 typing phages (Bromfield et al., 1986) . Variation in plasmid content within certain phage types (e.g. type 32) was due to the presence or absence of a single plasmid in isolates with otherwise identical plasmid profiles, perhaps reflecting possible genetic interchange between indigenous R. meliloti.
In a previous report the diversity and distribution of phage types of indigenous R. meliloti were shown to differ between sites A and B (Bromfield et al., 1986) . The present investigation similarly shows differences in the distribution and variety of R. meliloti plasmid groups between these sites, perhaps reflecting the impact of selection pressures imposed by biotic and abiotic factors differing between sites. Adaptation of R. meliloti to their respective sites was indicated by the observation that certain phage types were divided into plasmid groups solely on the basis of differences in plasmid content between isolates from each site, and by the fact that all the isolates which possessed plasmids greatly exceeding 267 MDa (exclusive of those corresponding to the reference megaplasmid) originated from site A.
The presence of a megaplasmid of mass equivalent to that in the standard strain SU47 is considered to be a general feature of R. meliloti (Hynes et al., 1986) . In the present study, only five isolates from two phage types lacked a megaplasmid corresponding to that of SU47, but instead showed a band, in agarose gels, of even greater mass which may represent either a cointegrate of the Sym (symbiotic) and non-Sym megaplasmids (Banfalvi et al., 1985 ; Hynes et al., 1986) or chromosomal DNA. A similar very high molecular mass band observed in the symbiotically ineffective isolate (no. 323) of type 23 may also represent chromosomal DNA or a co-integrate of either the Sym or non-Sym megaplasmid with a plasmid exceeding 267 MDa, absent in this isolate but present in all other isolates of the same phage type from site A (Fig. 2) ; this possibility could be confirmed by genetic analysis.
Genomic rearrangements are not without precedent in the Rhizobiaceae (Cantrell et al., 1982; Berry & Atherly, 1984) , and may provide an explanation for the observed wide diversity of plasmid profiles within populations of indigenous R. meliloti. Genetic analysis of representatives of this diversity may provide a better understanding of the indigenous competitors which affect inoculant strain establishment and persistence.
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